FERRITIC AND MARTENSITIC STAINLESS STEELS 
EXCELLENT IN MACHINABILITY 

INDUSTRIAL FIELD OF THE INVENTION 

.5 The present invention relates to ferritic and austenitic stainless 

steels improved in machinability by addition of nontoxic Cu. 
BACKGROUND OF THE INVENTION 

Application of stainless steel to various industrial fields has been 
developed in response to remarkable progress of precision machinery 

10 industry and also gain of demand for electric home appliance, furniture and 
so on. In order to manufacture parts for such uses by automated machine 
tools with saving of labor, vaurious proposals on improvement of machinability 
of stainless steels have been reported heretofore. For instance, machinability 
of ferritic stainless steel is improved by addition of Se as noted in SUS430F 

15 regulated under JIS4303. Machinabihty of martensitic stainless steel is 
improved by addition of Pb as noted in SUS410F and SUS410F2, or by 
addition of S as noted in SUS416 and SUS420F, each regxdated under 
JIS4303. 

However, the additive S substantially degrades hot-workabiUty, 
20 ductility and corrosion-resistance and also causes anisotropy of mechanical 
property, although it is effective for machinability. Ferritic or martensitic 
stainless steel, which contains Pb for machinabiLity, is un-recyclable due to 
unavoidable dissolution of toxic Pb during usage. Stainless steel 51430FSe 
regidated under SAE (corresponding to Type 430Se under AISI), which 
25 contains Se for machinability, actually causes environmental troubles due to 
toxicity of Se. 

SUMMARY OF THE INVENTION 

The present invention aims at provision of ferritic and martensitic 
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stainless steels improved in machinability without any harmful influences on 
workability, corrosion-resistance, mechanical property and environments, by 
precipitation of Cu-enriched particles instead of conventional elements. 

The present invention proposes ferritic and martensitic stainless 
5 steels in which Cu-enriched particles are dispersed at a ratio of 0.2 voL% or 
more for improvement of machinability without iany harmful influences on 
the einvironments. The Cu-enriched particles may be. a phase containing C at 
a relatively high concentration of 0.1 mass % or more, or a phase containing 
Sn and/or In at a concentration of 10 mass % or more. 
10 The ferritic stainless steel has a basic composition consisting of 

0.001-1 mass % of C, Si up to 1.0 mass %, Mn up to 1.0 mass %, 15-30 mass % 
of Cr, Ni up to 0.60 mass %, 0.5-6.0 mass % of Cu and the balance being Fe 
except inevitable impurities. The marteiisitic stainless steel has a basic 
composition consisting of 0.01-0.5 mass % of C, Si up to 1.0 mass %, Mn up to 
15 1.0 mass %, 10-15 mass % of Cr, Ni up to 0.60 mass %, 0.5-6.0 mass % of Cu 
and the balance being Fe except inevitable impurities. 

In order , to disperse precipitates of Cu-enriched particles with 
concentration of Sn or In not less than 10 mass %, the stainless steel is 
adjusted to a composition containing 0.005 mass % or more of Sn or In. Any of 
20 the ferritic and martensitic stainless steels may contain one or more of 
elements selected from 0.2-1.0 mass % of Nb, 0.02-1 mass % of Ti, 0-3 mass % 
of Mo, 0-1 mass % of Zr, 0-1 mass % of Al, 0-1 mass % of V, 0-0.05 mass % of 
B and 0-0.05 mass % of rare earth metals (REM). 

Either of Cu-enriched particles with concentration of C not less than 
25 0. 1 mass % or Cu-enriched particles with concentration of Sn or In not less 
than 10 mass % is dispersed as precipitates in a ferritic or martensitic matrix 
by at least one-time aging treatment, whereby the ferritic or martensitic 
stainless steel is held 1 hour or longer at 500*900 °C on a stage after a hot- 
rolling step before a forming step to a final product. 
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BRIEF DESCRIPTION OF THE DRAWING 

Fig. 1 is a view for explaining a test for evaluation of machinability. 

5 PREFERRED EMBODIMENTS OF THE INVENTION 

Conventional stainless steel is poor of machinability in general and 
regarded as a representative unmachinable material. Poor machinability is 
caused by low thermal conductivity, work-hardenability and adhesiveness. 
The inventors have already reported that precipitation of Cu-enriched 

10 particles at a proper ratio effectively improves anti-microbial property and 
machinability of austenitic stainless steel without any harmful influences on 
the environments, in JP 2000-63996A. The inventors have further researched 
effects of Cu-enriched particles and hit upon that the effects on machinability 
are also reaUzed ferritic and martensitic stainless steels. 

15 Machinability of stainless steel is improved by fine precipitates of 

Cu-enriched phase, e.g. E-Cu, which lubricates between a steel material and 
a machining tool and promotes thermal flux, vmiformly dispersed in a steel 
matrix. The effect of Cu-enriched phase on machinability is probably caused 
by its lubricating action and thermal conductivity to reduce abrasion at a 

20 rake face of the cutting tool. Reduction of abrasion leads up to decrease of 
machining resistance and also to prolongation of tool life. 

Ferritic stainless steel or as-tempered martensitic stainless steel has 
crystalline structure of B.C.C. (body-centered-cubic), while Cu-enriched phase 
is F.C.C. (face-centered cubic). Precipitation of Cu-enriched phase in the 

25 B.C.C. matrix brings out bigger effect on improvement of machinability, as 
compared with precipitation of Cu-enriched phase in austenitic stainless steel 
having the same crystalline structure F.C.C. 

The effect of Cu-enriched particles on ferritic or martensitic stainless 
steel different from that on austenitic stainless steel can be explained as 
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follows^ In the case where Cu-enriched precipitates (F.C.C.) are dispersed in a 
ferritic or martensitic matrix of B.C.C., crystallographical correspondency is 
disordered to a state capable of heavy stress accumulation by dispersion of 
Cu-enriched precipitates. Furthermore, an austenite former C is delivered 
5 from a steel matrix (B.C.C.) to Cu-enriched phase (RC.C), resulting in 
condensation of C in Cu-enriched phase and embrittlement of Cu-enriched 
phase. The brittle Cu-enriched particles, which act as starting points for 
destruction with dense accumulation of dislocations, are present as debris in 
the ferritic or martensitic matrix, so as to facilitate machining, i.e. a kind of 
10 fracture. 

In the steel composition containing 0.005 mass % or more of Sn 
and/or In, Sn and/or In are condensed at a ratio of 10 mass % or more in Cu- 
enriched particles and converted to a low-melting Cu-Sn or Cu-In aUoy. In 
short, low-melting Cu-enriched particles are dispersed as debris with big 
15 accumulation of dislocations, so as to promote lubrication between a steel 
material and a machining tool, resulting in remarkable prolongation of tool 
life. 

Precipitation of Cu-enriched phase is realized by isothermal 
treatment such as aging within a proper temperature range or by gradually 

20 cooHng the steel material over a possible -longest period within a temperature 
zone for precipitation in a temperature-faUing step after heat-treatmenf. The 
inventors have confirmed from a plenty of research results on precipitation of 
Cu-enriched phase that aging treatment at 500-900^0 after final-annealing 
accelerates precipitation of Cu-enriched phase with condensation of C not less 

25 than 0.1 mass % or with condensation of Sn and/or In not less than 10 
mass %. Precipitation of Cu-enriched phase also imparts anti microbial 
property to the ferritic or martensitic stainless steel. 

Precipitation of Cu-enriched phase may be accelerated by addition of 
at least one carbonitride* or precipitate-forming element such as Nb, Ti or Mo. 
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Carbonitrides of these elements serve as precipitation site to uniformly 
disperse Cu-enriched particles in the ferritic or martensitic matrix with good 
productivity. 

Each alloying component is added to stainless steel at a controlled 
5 ratio, as follows- 

0.001-0.1 mass % of C for a ferritic stainless steel, or 
0.01-0.5 mass % of C for a martensitic stainless steel 

C is condensed in Cu-enriched phase for embrittlement of Cu- 
enriched phase, and partially converted to chromium carbide, which act as 
10 precipitation site for Cu-enriched phase so as to uniformly distribute fine Cu- 
enriched particles in a steel matrix. The effect is typically noted at C content 
of 0.001 mass % or more in tho ferritic stainless steel or at C content of 0.01 
mass % or more in the martensitic stainless steel. However, excess C 
degrades productivity and corrosion-resistance of steel, so that an upper limit 
15 of C content is determined at 0.1 mass % for the ferritic stainless steel or at 
0.5 mass % for the martensitic stainless steel. 
Si up to 1.0 mass % 

Si is an element for improvement of corrosion-resistance and anti- 
microbial property. However, excess Si content above 1.0 mass % degrades 
20 productivity of steel. 
Mn up to 1.0 mass % 

Mn is an element for improvement of productivity and stabilizes 
harmful S as MnS in a steel matrix. The intermetaUic compound MnS 
improves machinability of steel and also serves as a site for precipitation of 
25 fine Cu-enriched particles. However, excess Mn above 1.0 mass % degrades 
corrosion-resistance of steel. 
S up to 0.3 mass % 

Although S is an element, which is converted to MnS effective on 
machinability, hot-workabihty and ductility of a stainless steel are degraded 
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as increase of S content.. In this sense,, an upper limit of S content is 
determined at 0.3 mass %. 

10-30 mass % of Cr for a ferritic stainless steel 
10-15 mass % of Cr for a martensitic stainless steel 
5 Cr is an essential element for corrosion-resistance of. a stainless steel. 

Addition of Cr at a ratio more than 10 mass % is necessary to ensure 
corrosion-resistance. However, excess Cr above " 30 mass % degrades 
productivity and workability of a ferritic stainless steel, or excess Cr above 15 
mass % makes a ferritic phase too stable to induce martensitic 

10 transformation in an annealed state. 
Ni up to 0.60 mass % 

Ni is an inevitable impxirity included from raw materials, in a 
conventional process for manufacturing ferritic or martensitic stainless steels. 
An upper limit of Ni content is determined at ist level of 0.60 mass %. 

15 0.5-6.0 mass % of Cu 

Cu is an important element in the inventive stainless steel. 
Precipitation of Cu-enriched particles in a steel matrix at a ratio of 0.2 vol.% 
or more is necessary for realization of good machinabUity. In this sense, Cu 
content is determined at 0.5 mass % or more in order to precipitate Cu- 

20 enriched particles at a ratio not-less than 0.2 voL% in the ferritic or 
martensitic stainless steel having the specified composition. However, excess 
Cu above 6.0 mass % degrades productivity, workability and corrosion- 
resistance of the stainless steels. There are no restrictions on size of Cu- 
enriched particles precipitated in the ferritic or martensitic matrix, but it is 

25 preferable to uniformly disperse Cu-enriched particles throughout the matrix 
including a surface layer. Uniform dispersion of Cu-enriched particles 
improves machinability of the stainless steels to a highly-stable level and also 
bestows the stainless steels with anti-microbial property. 
0.005 mass % or more of Sn and/or In . 
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Sn and/or In are alloying elements necessary for precipitation of Cu- 
enriched particles, in which Sn and/or In are condensed. A melting 
temperature of Cu-enriched phase falls down as condensation of Sn and/or In 
at a ratio not less than 10 mass %, resulting in remarkable improvement of 
5 machinability. A ratio of Sn and/or In in the stainless steel is controlled to 
0.005 mass % or more for falling a melting temperature of Cu-enriched phase; 
When both Sn and In are added to steel, a total ratio of Sn and In is 
determined at 0.005 mass % or more. However, excessive addition of Sn 
and/or In lowers a meting-temperature of Cu-enriched phase to a great extent, 

10 so that hot-workabihty of steel is drastically worsened due to Uquid-phase 
embrittlement. In this sense, an upper limit of Sn and/or In content is 
preferably determined at 0.5 mass %. 
0.02-1 mass % of Nb 

Nb is an optional element. Among various precipitates, Nb 

15 precipitate is a most- effective site for precipitation of Cu-enriched particles. 
The metallurgical structure, wherein fine precipitates such as niobium 
carbide, nitride and carbonitride are uniformly dispersed, is suitable for 
uniform precipitation of Cu-enriched particles. However, excess Nb degrades 
productivity and workability of the stainless steel. In this sense, Nb is 

20 preferably added at a ratio within a range of 0l02-l mass %. . 
. 0.02-1 mass % of Ti 

Ti is also an optional element for generation of titanium carbonitride, 
which serves as a site for precipitation of Cu-enriched particles, as the same 
as Nb. However, excess Ti degrades productivity and workability and also 

25 causes occurrence of scratches on a surface of a steel sheet. Therefore, Ti is 
preferably added at a ratio within a range of 0.02-1 mass %, if necessary. 
0-3 mass % of Mo 

Mo is an optional element for corrosion-resistance. Mo is partially 
precipitated as intermetallic compoimds such as Fe2Mo, which serve as sites 
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for precipitation of fine Cu-enriched particles. However, excess Mo above 3 
mass % degrades productivity and workability of the stainless steel. 
0-1 mass % of Zr 

Zr is an optional element, which precipitates as carbonitride effective 
5 for precipitation of fine Cu-enriched particles. However, excess Zr above 1 
mass % degrades productivity and workability of the stainless steel. 
0-1 mass % of Al 

Al ls an optional element for improvement of corrosion-resistance as 
the same as Mo, and partially precipitated as compounds, which serye as 
10 sites for precipitation of Cu-enriched particles. However, excess Al above 1 
mass % degrades productivity and workability of the stainless steel. 
0-1 mass % of V 

V is an optional element, and partially precipitated as carbonitride, 
which serve as a site for precipitation of fine Cu-enriched particles, as the 
15 same as Zr. However, excess V above 1 mass % degrades productivity and 
workability of the stsdnless steel. 
0-0.05 mass % of B 

B is an optional element for improvement of hot-workability and 
dispersed as fine precipitates in a steel matrix. The boron precipitates also 
20 serve as sites for precipitation of Cu-enriched particles. However, excess B 
causes degradation of hot-workability, so that an upper limit of B content is 
determined at 0.05 mass %. 
0-0.05 mass % of Rare Earth Metals (REM) 

REM is an optional element, too. Hot-workability of the stainless 
25 steel is improved by addition of REM at a proper ratio as the same as B. REM 
is also dispersed as fine precipitates, which serve as sites for precipitation of 
Cu-enriched particles. However, excess REM above 0.05 mass % degrades 
hot-workability of the stainless steel. 
Heat-Treatment at 500-900°C 
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A stainless steel is advantageously aged at 500-900*'C in order to 
precipitate Cu-enriched particles effective for machinability. As an aging 
temperatxire is lower, solubOity of Cu in a steel matrix is reduced, resulting 
in an increase of Cu-ehriched particles. However, a ratio of Cu-enriched 
5 particles precipitated in the steel matrix is rather reduced at a too-lower 
. . aging temperature due to slow diffusion rate. The inventors have confirmed 
from various experiments that a proper temperature range for aging 
treatment is 500-900**C for precipitation of Cu-enriched particles at a ratio 
not less than 0.2 vol. % suitable for improvement of machinability. The aging 
10 treatment may be performed on any stage after a hot-roUing step before a 
final step to form a product shape, but it shall be continued one hour or 
longer at the specified temperature. 

The other features of the present invention will be more clearly 
15 understood from the following Examples. 
Example 1 

Several ferritic stainless steels with chemical compositions shown in 
Table 1 were melted in a 30kg-vacuum melting furnace, cast to slabs and 
forged to steel rods of 50 mm in diameter. Each steel rod was annealed 30 
20 minutes at 1000°C and aged at a temperature varied within a range of 450- 
950^C. 
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TABLE 1^ Chemical Compositions of Ferritic Stainless Steels 



Alloying elements (mass %) 



Kind 


c 


Si 


Mn 


S 


Ni 


Cr 


Cu 


Others 


A 


0.054 


0.56 


0.34 


0.002 


0.23 


16.25 


2.02 




B 


0.061 


0.62 


0.22 


0.003 


0.34 


16.49 


1.48 




C 


0.049 


0.43 


0.31 


0.004 


0.25 


16.21 


1.09 




D 


0.055 


0.51 


0.41 


0.005 


0.21 


16.19 


0.40 




E 


0.063 


0.39 


0.19 


0.202 


0.28 


16.25 


0.48 




F 


0.059 


0.44 


0.42 


0.002 


0.33 


16.38 


0.51 




G 


0.009 


0.31 


0.2 


0.005 


0.26 


17.02 


1.46 


Nb:0.36 


H 


0.011 


0.42 


0.23 


0.003 


0.38 


17.11 


0.32 


Nb:0.33 


I 


0.021 


0.41 


0.23 


0.007 


0.42 


16.53 


2.43 


Ti:0.35 


J 


0.019 


0.35 


0-31 


0.004 


0.28 


16.42 


0.48 


Ti:0.34 


K 


0.061 


0.55 


0.42 


0.004 


0.12 


16.31 


1.34 


Al:0.07 


L 


0.019 


0.38 


0.33 


0.005 


0.39 


16.21 


1.61 


Zr:0.88 


M 


0.024 


0.56 


0.18 


0.002 


0.29 


17.12 


1.89 


V:0.82 


N 


0.055 


0.33 


0.51 


0.001 


0.39 


16.54 


1.72 


B:0.006 


O 


0.051 


0.42 


0.18 


0.003 


0.26 


17.21 


2.33 


REM:0.02 


P 


0.0008 


0.33 


0.21 


0.003 


6.31 


17.41 


1.33 





A test piece sampled from each steel rod was subjected to j 
machining test regulated under JIS B-4011 entitled "a method of machinini 
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test with a hard alloy bit". In the machining test, abra;sion of the bit was 
evaluated on the basis of flank wear (VB=0.3mm) under conditions of a feed 
rate of 0.05 mm/pass, a cutting depth of 0.3 mm/pass and a length of cut of 
200 mm. 

5 Another test piece sampled from the same steel rod was observed by 

a . transmission electron microscopy (TEM), and Cu-enriched particles 
dispersed in a ferrite matrix was quantitatively analyzed by an image 
processor to calculate a ratio (vol. %) of the Cu-enriched particles. 
Furthermore, concentration of C in the Cu-enriched particles was measured 

10 by Energy Dispersed X-ray Analysis (EDX). 

A wear-out period of each of test pieces, which were sampled from 
Steels A-1 to P-1 aged 9 hoxirs at 800**C, was compared with a wear-out 
period Vb of Steel D-1 as a reference value. MachinabiHty of each test piece 
was evaluated , in comparison with Steel E-1, which has been regarded 

15 heretofore as material good of machinabiUty. The mark © means 
machinability better than Steel E-1, the mark O means machinability 
similar to Steel E-1, and the mark. X means machinability poor than Steel 
E-1. Results of machinabiUty are shown in Table 2. 

Any of the test steels A-1, B-1, C-1, F-1, G-1, I-l and K-1, which 

20 contained not less than 0.5 mass % of Cu and had the structure that Cu- 
enriched particles with concentration of C not less than 0.1 mass % were 
dispersed in a ferrite matrix at a ratio of 0.2 vol. % or more by aging- 
treatment, was excellent in machinabUity. 

On the other hand. Steels A-2, B-2, C-2 and F-2, which were not 

25 subjected to aging treatment, had Cu-enriched particles dispersed at an 
insufficient ratio less than 0.2 vol. % regardless Cu content more than 0.5 
mass %, resulting in poor machinability. Steel J-2 was poor of machinabiUty 
due to shortage of Cu for dispersion of Cu-enriched particles at a ratio of 0.2 
vol. % or more even after aging treatment. Steel P-1 did not exhibit well 
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machinability due to poor embrittlement of Cu-enriched particles, since 
concentration of C in the Cu-enriched particles was less than 0.001 mass %, 
although it contained Cu more than 0.5 mass % and had Cu-enriched 
particles dispersed at a ratio more than 0.2 vol. %. 



12 



O 



a 
c 

OS 

O 

CO 



CO 
O 

c 

■ D 
a 

O 

CO 

a 

«^ 

oi 



J3 

a 
13 

o 
cd 



CO 



a. 

O 

■ c: 



m CO 
O CO 



.2^ 

-4-9 

CC ^ 

■3 .2 



CD 5 



CO 



r2 

S 

CO 
> 



S 

CO 

X 

> 

CO 
03 

a 

o 
O 



X 



S 

CO 
X! 

•B 

C 

CD 
> 



s 

CO 
00 

CO 

a 

o 
O 



'ft 

a 

CO 
X 

> 



p2 
'a. 

a 

CO 

X . 

I 

CO 

$-1 
CO 
ft 



o 
O 



X 



.3 



a 

CO 
X 

.a 

> 



O 



"ft 

a 

CO 
X 

w 

> 

CO 
u 
CO 

a 

o 
O 



X 



CJ5 

oo 



o 



U3 
OO 



00 



00 



o 
o 



00 



CO 
O 



O , 



CO 

o 



O 



CO 

o 



o 



00 

o 



00 



CM 
< 



O 



c> 



o 



00 
CO 

o 



(D 



00 

o 

CD 



CD 

a 
o 
c 



I 

o 



o 
o 

o 



o 
c 



o 
o 



c 
o 
c 



o 



o 

T3 



CM 
O 



CD 
CD 

c 
o 
c 



CM 



C 

•pH 

o 

(D 
O 



<?0 



O 

o 

O 

o 

00 

CO 
CO 

o 

CI 

a 

CO 

c 



8 



o. 



as 

- C 

CO 

o 

OQ 



CO 

PL, 

o 
O 

O 
O 

cq 
PQ 



c 

O 

cd 



13 -4-a 

a .s 



GQ 



$-1 
CO 

.a 

u 

a 

CD 

a 



-2 

<D CO 
-O CO 

C 2 



^ CO 



bx) 



CO 



S 

CO 
X 

> 

CD 
> 



CD 

s 

CO 
X 

> 

CO 

CO 

B 
o 
O 



CD 

B 

CO 
X 

(D 
■> 

•i-H 

<D 
> 
C3 



(D 



CO 
X 

> 

CO 
u 
a 

s 

o 
O 



X 



<D 

'a 

B 

CO 
X 

(D 

<D 
> 



© 



© 



© 



S 

CO 

CO 
;h 
CO 

a. 

S 
o 
O 



X 



10 



00 
00 



05 



00 



CM 
05 



05 



CO 
00 



00 



<3> 



O 



CO 



10 



CD 



10 

CZ> 



CO 
1-H 

CD 



O 
O 



o 
o 



10 

CD 



O 
O 



00 



CO 



00 
00 



o 



o 



CO 

cz> 



o 



(D 

o 



O 



C 

o 



(D 
O 



<D 
O 



O 



a> 
C 
o 



o 



CD 

c 

O 



o 



CM 



O 

o 
00 

CO 
CO 

o 

05 



a 

CO 
<D 

C 



Example 2 

Test pieces were sampled from Steel A in Table 1 under the same 
conditions as Example 1. Test pieces were individually subjected to aging 
treatment under conditions varied within ranges of 450-950°C and 0.5*12 
5 hours. Machinability of each aged test piece was evaluated in the same way 
as Example 1. 

It is understood from results shown in Table 3 that any of test pieces 
A-4 and A-6 to A- 10, which was aged one hour or longer at 500-900°C, had 
Cu-enriched particles with concentration of C of 0.1 mass % or more 
10 dispersed in a ferrite matrix at a ratio of 0.2 vol. % or more, resulting in good 
machinability. 

On the other hand. Steel A- 5, which had been aged at a temperature 
within a range of 500-900**C but for a period shorter than 1 hour, was poor of 
machinabilLty due to the structure that Cu-enriched particles with 

15 concentration of C not less than 0.1 mass % were insufficiently dispersed at a 
ratio less than 0.2 vol. %. A precipitation ratio of Cu-enriched particles was 
also less than 0.2 vol. % at an aging temperature lower than 500°C or higher 
than900°C. - 

The results prove that important factors for. improvement of 

20 machinability are Cu content of 0.5 mass % or more in a ferritic steel and Cu- 
enriched particles with concentration of C not less than 0, 1 mass % dispersed 
at a ratio of 0.2 vol. % or more in a ferrite matrix, and that the proper 
precipitation ratio of Cu-enriched particles is reahzed by aging the stainless 
steel at 500-900*'C for one hour or longer. 
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Example 3- 

Several martensite stainless steels which chemical compositions 
shown in Table 4 were melted in a 30kg-vacuum melting furnace, cast to 
slabs, forged to steels rod of 50 mm in diameter. Each steel rod was annealed 
30 minutes at 1000® C, and some steel rods were aged at a temperature varied 
within a range of 450-950**C. ' 
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Table 4- Chemical Compositions of Martensitic Stainless Steels 



Steel 


Alloying Elements (mass %) 


XVLXIU. 


C 


Si 


Mn 


S 


Ni 


Cr 


Cu 


Others 


MA 


0.092 


0.23 


0.77 


0.003 


0.23 


11.55 


4.51 




MB 


0.102 


0.31 


0.62 


0.003 


0.34 


11.31 


3.22 




MC 


0.099 


0.35 


0.52 


0.004 


0.21 


11.45 


1.53 




ME 


0.063 


0.39 


0^44 


0.213 


0.45 


12.42 


0.48 




MF 


0.35 


0.44 


0.42 


0.002 


0.33 


11.67 


0.82 




MG 


0.102 


0.31 


0.2 


0.005 


0.26 


13.21 


1.46 


Nb : 0.38 


MH 


0.142 


0.42 


0.23 


0.003 


0.38 


12.98 


0.32 


Nb : 0.31 


MI 


0.053 


0.41 


0.23 


0.007 


0.42 


14.12 


2.43 


Ti : 0.33 


MJ 


0.103 


0.35 


0.31 


0.004 


0.28 


11.23 


0.48 


Ti : 0.34 


MK 


0.202 


0.55 


0.42 


0.004 


0.12 


13.67 


1.21 


Al : O.Ob 


ML 


0.019 


0.38 


0.33 


0.005 


0.39 


10.76 


1.77 


Zr : 0.88 


MM 


0.103 


0.56 


0.18 


0.002 


0.29 


14.21 


2.01 


V : 0.82 


MN 


0.082 


0.33 


0.51 


0.001 


0.39 


11.23 


1.72 


B : 0.006 


MO 


0.156 


0.42 


0.18 


0.003 


0.26 


14.21 


2.33 


REM : 0.02 


MP 


0.007 


0.33 


0.21 


0.003 


0,31 


13.21 


1.33 





Test pieces sampled from each steel rod were subjected to the same 
tests as Example 1, for measuring a precipitation ratio of Cu-enriched 
psurticles, concentration of C in the Cu-enriched particles and a wear-out 
period of bit. 
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A wear-out period of each of test pieces, which were sampled from 
Steels MA-1 to MP-1 aged 9 hours at 780°C, was compared with a wear-out 
period Vb of Steel ME-1, which has been regarded heretofore as material 
good of machinability, as a reference value. Machinability of each test piece 
5 was evaluated in comparison with the same Steel ME-1. The mark @ means 
machinability better than Steel ME-1, the mark O means, machinability 
similar to Steel ME-1, and the mark X means inferior machinability to Steel 
ME-1. Resiilts of machinability are shown in Table 5. 

Any of the test steels MA-1, MB-1, MC-1, MF-1, MG-1, MM, MK-1, 

10 ML-1, MM-1, MN-1 and MO-1, which contained Cu of 0.5 mass % or more 
and had the structure that Cu-enriched particles with concentration of Cu 
not less than 0, 1 mass % were dispersed in a steel matrix at a ratio of 0. 1 
vol. % or more by aging-treatment, was excellent in machinability. 

On the other hand. Steels MA-2, MB-2, MC-2 and MF-2, which were 

15 not subjected to aging treatment, had Cu-enriched particles dispersed at an 
insufficient ratio less than 0.2 vol. % regardless Cu content more than 0.5 
mass %, resulting in . poor machinability. Steel MJ-2 was poor of 
machinability due to shortage of Cu for dispersion of Cu-enriched particles at 
a ratio of 0.2 vol. % or more even after aging treatment. Steel MP-1 did not 

20 exhibit well machinability due to poor embrittlement of Cu-enriched particles, 
since concentration of C in the Cu-enriched particles was less than 0.001 
mass %, although it contained Cu more than 0.5 mass % and had Cu- 
enriched particles dispersed at a ratio more than 0.2 vol. %. 
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Example 4 

Test pieces were sampled from Steel MA in Table 4 under the same 
conditions as Example 3. Test pieces, were individually subjected to aging 
treatment under conditions varied within ranges of 450-950®C and 0.5*12 
5 hours. MachinabiUty of each aged test piece was evaluated in the same way 
as Example 1. 

It is understood from resiilts shown in Table 6 that any of test pieces 
MA-4 and MA-6 to MA- 10, which was aged one hour or longer at 500-900**C, 
had Cu-enriched particles with concentration of C of 0.1 mass % or more 
10 dispersed in a steel matrix at a ratio of 0.2 vol. % or more, resulting in good 
machinability. 

. On the other hand, Steel MA-5, which was aged at a temperatxire 
within a range of 506-900**C but for a period shorter than one hour, was poor 
of machinability due to the structure that Cu-enriched particles with 
15 concentration of C not less than 0.1 mass % were insufficiently dispersed at a 
ratio less than 0.2 vol. %, A precipitation ratio of Cu-enriched particles was 
also less than 0.2 vol. % at an aging temperature lower than 5bO*'C or higher 
than900^C. 

The resiilts prove that important factors for improvement of 
20 machinability are Cu content of 0.5 mass % or more in a martensitic steel and 
a ratio of Cu-enriched particles with concentration of C not less than 0.1 
mass % dispersed at a ratio of 0.2 vol. % or more in a steel matrix, and that 
the proper precipitation ratio of Cu-enriched particles is realized by aging the 
stainless steel at 500-900®C for one hour or longer. 
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Example 5^ 

Several martensite stainless steels with chemical compositions 
shown in Table 7 were melted in a 30kg-vacuum melting furnace, cast to 
slabs, heated one hour at 1230'' C, hot-rolled to thickness of 4mm, aged at 
various temperatures and then pickled. 
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Table 1' Chemical Compositions of Martensitic Stainless Steels 



AUoying Elements (mass %) 



Kind 


C 


Si 


Mn 


S 


Ni 


Cr 


Cu 


Sn 


Others 


MA 


0.061 


0.31 


0.81 


0.005 


0.12 


11.62 


3.01 


0.004 




MB 


0.058 


0.33 


0.77 


0.002 


0.33 


11.24 


2.98 


0.006 




MC 


0.059 


0.28 


0.34 


o;oi2 


0.18 


11.98 


3.21 


0.212 




MD 


0.066 


0.41 


0.64 


0.001 


0.21 


12.43 


1.53 


0.487 




MF 


0.102 


0.29 


0.43 


0.008 


0.42 


14.12 


0.47 


0.112 




MG 


0.007 


0.37 


0.51 


0.004 


0.26 


11.76 


0.54 


0.142 




MH 


0.088 


0.51 


0.31 


0.005 


0.22 


13.21 


1.01 


0.213 




MI 


0.052 


0.34 


0.62 


0.012 


0.44 


12.02 


4.03 


0.081 




MJ 


0.088 


0.51 


0.31 


0.089 


0.22 


13.21 


1.01 


0.213 




MK 


0.051 


0.33 


0.83 


0.143 


0.34 


11.76 


1.32 


0.241 




ML 


0,102 


0.28. 


0.92 


0.152 


0.28 


11.22 


1.28 


0.198 




MM 


0.152 


0.87 


0.43 


0.008 


0.60 


10.91 


0.88 


0.081 


Nb:0.36 


MN 


0.008 


0.12 


0.88 


0.012 


0.22 


13.09 


1.23 


0.092 


Ti: 0.35 


MO 


0.043 


0.08 


6.97 


0.014 


0.09 


12.55 


5.21 


0.002 


In: 0.082 


MP 


0.002 


0.98 


0.24 


0.092 


0.18 


12.12 


1.98 


0.152 


Al: 0.07 


MQ 


0.021 


0.44 


0.12 


0:082 


0.43 


12.38 


4.12 


0.443 


Zr:0.88 


MR 


0.123 


0.42 


0.18 


0.003 


0.26 


12.21 


2.33 


0.289 


V: 0.82 . 


MS 


0.089 


0.33 


0.21 


0.003 


0.31 


12.41 


1.21 


0.181 


B: 0.006 


MT 


0.063 


0.42 


0.47 


0.251 


0.51 


12.76 


0.32 


0.001 





Each steel sheet was subjected to a machining test with a horizontal 
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milling machine regiilated by JIS B4107, wherein 16 pieces of hard alloy bits 
2 were attached to a miller 1 of 125 mm in outer diameter and 10 mm in 
width along a circumferential direction, and a test piece 3 was machined 
along a direction perpendicular to a rolling direction without use of a 

5 lubricant under conditions of a rotational speed of 2000 r.p.m., a feed rate of . 
0-6 mm/pass and a cutting depth of 0.5 mm/pass, as shown in Fig. 1. 

After the steel sheet was continuously machined by length of 1200 
mm along its longitudinal direction, it was shifted by 10 mm along a traverse 
direction and machined again along its longitudinal direction at a position 

10 adjacent to the first machining position. A whole surface of the steel sheet 
was machined by depth of 0.5 mm by repetition of machining. Thereafter, the ; 
steel sheet was set at an original position and further machined by depth of 
0.5 mm. The machining was repeated, and abrasion of the bits was evaluated 
by a machining period until the bits were worn out by 0. 1 mm. 

15 Another test piece sampled from the same steel sheet was observed 

by TEM, and Cu-enriched particles dispersed in a steel . matrix was 
quantitatively analyzed by an image processor to calculate a ratio (vol. %) of 
the Cu-enriched particles. Fxirthermore, concentration of Sn or In in the Cu- 
enriched particles was measured by EDX. 

20 Machinabihty of each test piece, which were sampled &om Steels 

MA-1 to MS-1 aged 9 hours at 790**C, was compared with machinability of 
Steel MT-1, which has been regarded heretofore as material good of 
machinabihty. The mark @ means machinability better than Steel MT-1, 
the mark O means machinability similar to Steel MT-1, and the mark X 

25 means inferior machinabihty to Steel MT-1. Resiilts of machinability are 
shown in Table 8. 

Any of Steels MB-1, MC-1, MD l, MG-1, MI-1, MJ-1, MK-1, MM-1, 
MN-1, MO-1, MP-1, MQ-1, MR-1 and MS-1, which contained Cu not less than 
0.5 mass % and Sn (or In in Steel MO-1) not less than 0.005 mass % had the 
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structure that Cu-enriched particles with concentration of Sn or In not less 
than 10 mass % were dispersed in a steel matrix at a ratio of 0.2 vol. % or 
more by aging-treatment, was excellent in machinability. 

On the other hand, Steels MB:2, MC-2, MD-2, MF;2, MG-2, MI-2, 

5 MJ-2, MK-2, ML-2, MM-2, MN-2, MO-2, MP-2, MQ-2, MR-2 and MS-2, which 
were not subjected to aging treatment, had Cu-enriched particles dispersed at 
an insufficient ratio less than 0.2 vol. % regardless Cu content more than 0.5 
mass %, resulting in poor machinability. Steels MF-1 and -2 were poor of 
machinability due to shortage of Cu for dispersion of Cu-enriched particles at 

10 a ratio of 0.2 vol. % or more after aging treatment. Steel MA-1 exhibited 
machinability better than Steel MT-1, but the machinability was insxifficient 
due to shortage of Sn for concentration of Sn not less than 10 mass % in Cu- 
enriched particles. Steel ML-1, which contained Sn more than 0.15 mass %, 
was too poor of hot-workability to prepare a test piece for evaluation. 
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Example 6 

Test pieces were sampled from Steel MC in Table 7 under the same 
conditions as Example 5. Test pieces were individually subjected to aging 
treatment under conditions varied within ranges of 450-950°C and 0.5-16 
5 hours. Machinability of each aged test piece was evaluated in the same way 
as Example 5. 

It is understood from results shown in Table 9 that any of test pieces 
MC-4 and MC-6 to MC-10, which was aged one hour or longer at 500-900°C, 
had Cu-enriched particles with concentration of Sn of 10 mass % or more 
10 dispersed in a steel matrix at a ratio of 0.2 vol. % or more, resulting in good 
machinabilLty. 

On the other hand. Steel MC-5, which was aged at a temperature 
within a range of 500-900°C but for a time shorter than one hour, was poor of 
machinability due to the structure that Cu-enriched particles were 

15 insvifficiently dispersed at a ratio less than 0.2 vol. %. A precipitation ratio of 
Cu-enriched particles was also less than 0.2 vol. % at an aging temperature 
lower than 500°C or higher than 900*^0, 

The resTilts prove that important factors for improvement of 
machinabihty are Cu content of 0.5 mass % or more in a stainless steel and a 

20 ratio of Cu-enriched particles with concentration of Sn or In of 10 mass % or 
more dispersed at a ratio of 0.2 vol. % or more in a martensitic matrix, and 
that the proper precipitation ratio of Cu-enriched particles is realized by 
aging the stainless steel at 500-900**C for one hour or longer.. 
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Example 7- 

Several ferritic stainless steels with chemical compositions shown in 
Table 10 were melted in a 30kg-vacuum melting furnace, cast to slabs, heated 
one hour at 1230°C, hot-roUed to thickness of 4mm, aged at various 
5 temperatures and then pickled. 

Each steel sheet was subjected to the same machining test as 
Example 5 with a horizontal milling machine. Machinability of each test 
piece was evaluated by a machining period imtil the bits were worn out by 
0,1 mm. 

10 Another test piece sampled from the same steel sheet was observed 

by TEM, and Cu-enriched particles dispersed in a steel matrix was 
quantitatively analyzed by an image processor to calculate a ratio (vol. %) of 
the Cu-enriched particles. Furthermore, concentration of Sn or In in the Cu- 
enriched particles was measured by EDX. 
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Table 10: Chemical Compositions of Ferritic Stainless Steels 



Steel 


Alloying Elements (mass %) 


Kind 




Ol 


JVLn 


Q ' 

O . 


"Mi 




Oil 


on 


Litners 


rA 


0.054 


0.56 


0.34 


0.002 


f\ no 

0.23 


■* /* OCT 

16.25 


2.02 


.0.003 




r i> 


0.058 


0.42 


0.52 


0.003 


0.33 


16.01 


1.88 


0.007 




r L> 


0.045 


0.31 


0.34 


0.012 


0.21 


17.21 


1.51 


0,101 




FE 


0.033 


0.29 


0.12 


0.007 


0.42 


17.33 


0,48 


0.112 




FF 


0.021 


0.21 


0.33 


0.142 


0.25 


16.98 


1.44 . 


0.198 




rG 


0.009 


0.31 


0,2 


0.005 


0.26 


17.02 


1.46 


0.098 


Nb-0.32 


rri 


0.021 


0.41 


0.23 


0.007 


0.42 


16.53 


2.43 


0.132 


Ti:0.28 


rl 


O.Obl 


0.55 


U.4iS 


0.0U4 


A 1 O 
U.l^ 


Ib.ol 


1 OA 


f\ TOT 


Al-U.Ob 


' Pel 


0.001 


0.31 


0.34 


0.012 


0.21 


17.21 


1.21 


0.098 


Zr:0.45 


FK 


0.003 


0.21 


0.12 


0.011 


0.33 


16.91 


1.01 


0.143 


In:0.12 


FL 


0.021 


0.18 


0.41 


0.009 


0.54 


16.43 


1.98 


0.221 


B:0.009 


FM 


0.009 


0.13 


0.22 


0.003 


0.11 


17.21 


0.98 


0.329 


REM:0.015 


FN 


0.041 


0.23 


0.22 


0.278 


0.12 


17.33 


0.12 


0.002 





Machinability of each test piece, which were sampled from Steels FA- 
1 to FT-1 aged 9 hours at 820°C, was compared with machinability of Steel 
5 FN"1, which has been regarded heretofore as material good of machinability. 
The mark © means machinabitLty better than Steel FN-1, the mark O 
means machinability similar to Steel FN-1, and the mark X means inferior 
machinability to Steel FN-1. Results of machinability are shown in Table 11. 
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Any of Steels FB-1, FC-1, FF-1, FG-1, FH-1, FM, FJ-1, FK-1, FL l 
and FM-1, which contained Cu not less than 0.5 mass % and Sn (or In in 
Steel FK-l) not less than 0.005 mass % and had the structure that Cu* 
enriched particles with concentration of Sn or In not less than 10 mass % 
5 were dispersed in a steel matrix at a ratio of 0.2 vol. % or more by aging- 
treatment, was excellent in machinability. 

On the other hand, Steels FB-2, FC-2 and FE-2, which were not 
subjected to aging treatment, had Cu-enriched particles dispersed at an 
insufficient ratio less than 0.2 vol. % regardless Cu content more than 0.5 

10 mass %, resulting in poor machinability. Steels FE-1 and -2 were poor of 
machinabLlity due to shortage of Cu for dispersion of Cu-enriched particles at 
a ratio of 0.2 vol. % or more after aging treatment. Steel FA-1 had inferior 
machinability due to shortage of Sn for concentration of Sn not less than 10 
mass % in Cu-enriched particles. Steel FD-1, which contained Sn more than 

15 0.15 mass % on the contrary, was too poor of hot-workabUity to prepare a test 
piece for evaluation. 
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Example 8 

Test pieces were sampled from Steel FC in Table 10 under the same 
conditions as Example 7. Test pieces were individually subjected to aging 
treatment under conditions varied within ranges of 450-950°C and 0.5-11 
5 hours. Machinabihty of each aged test piece was evaluated in the same way 
as Example 7. 

It is understood from results shown in Table 12 that any of test 
pieces FC-4 and FC-6 to FC-10, which was aged one hour or longer at 500- 
900®C, had Cu-enriched parifcicles with concentration of Sn of 10 mass % or 

10 more dispersed in a steel matrix at a ratio of 0.2 vol. % or more, resulting in 
good machinability. 

On the other hand, Steel FC-5, which was aged at a temperature 
within a range of 500-900*^0 but for a period shorter than one hour, was poor 
of machinability due to the structure that Cu-enriched particles with 

15 concentration of Sn not less than 10 mass % were insufficiently dispersed at a 
ratio less than 0.2 vol. %. A precipitation ratio of Cu-enriched particles was 
also less than 0.2 vol. % at an aging temperature lower than 500° C or higher 
than 900°C. 

The results prove that important factors for improvement of 
20 machinability are Cu content not less than 0.5 mass % in a ferrite matrix and 
a ratio of Cu-enriched particles with concentration of Sn or In of 10 mass % or 
more dispersed at a ratio of 0.2 vol. % or more in a steel matrix, and that the 
proper precipitation ratio of Cu-enriched particles is realized by aging the 
stainless steel at 500-900**C for one hour or longer. 

25 
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INDUSTRIAL APPLICABILITY 

Ferritic and martensite stainless steels proposed by the present 
invention as above-mentioned are good of machinability, due to chemical 
compositions containing 0.5 mass % or more of Cu and at least one of 0.001 
5 mass % or more of C, 0.1 mass % or more of Sn and 0.1 mass % or more of In 
as well as the structure that Cu-enriched particles with concentration of C 
not less than 0.1 mass % or Sn or In not less than 10. mass % are dispersed at 
a ratio of 0.2 vol. % in a ferritic or martensitic matrix. There are no harmful 
effects on the environment, since the stainless steels do not contain such an 
10 element as S, Pb, Bi or Se for improvement of machinabiUty. The stainless 
steels are machined to objective shapes and used as members for electric 
home appliance, furniture goods, kitchen equipment, machine, apparatus, 
and other equipment in various fields. 
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